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Edited by Miguel De la RosaAbstract Creatine kinase (CK) is a key enzyme in vertebrate
excitable tissues. In this research, ﬁve conserved residues located
on the intra-subunit domain–domain interface were mutated to
explore their role in the activity and structural stability of CK.
The mutations of Val72 and Gly73 decreased both the activity
and stability of CK. The mutations of Cys74 and Val75, which
had no signiﬁcant eﬀect on CK activity and structure, gradually
decreased the stability and reactivation of CK. Our results sug-
gested that the mutations might modify the correct positioning of
the loop contributing to domain–domain interactions, and result
in decreased stability against denaturation.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Creatine kinase (CK, EC 2.7.3.2), a key enzyme in vertebrate
excitable tissues that require large energy ﬂuxes, catalyzes the
reversible transfer of phosphate from ATP to creatine to yield
phosphocreatine [1–3]. CK is a member of a large family of
phosphagen kinases, which show a high level of sequence
homology [4] and structural similarity [5]. Two types of CKs
are found in vertebrates according to their subcellular localiza-
tion: cytosolic CK, which is dimeric and is formed by homo- or
hetero-subunits, and mitochondrial CK (MtCK) [6,7], which
can form both octameric and dimeric structures. CK is highly
conserved with a sequence homology of about 60% across all
species [8]. Muscle type CK (MM-CK) is of particular interest
due to its involvement in the energy transfer during muscle
contraction, and it has been revealed that MM-CK contains
some conserved residues, which are not shared by other types
of CK, to facilitate its binding to the M-line [9].Abbreviations: ANS, 1-anilinonaphthalene-8-sulfonate; CK, creatine
kinase; RMCK, rabbit muscle CK; GdnHCl, guanidine hydrochloride;
MG, molten globule intermediate; SEC, size exclusion chromatogra-
phy; SDS, sodium dodecyl sulfate; Wt, wild-type
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doi:10.1016/j.febslet.2006.05.076CK has been taken as a model protein in enzymology, struc-
ture and folding for many years. Particularly, rabbit muscle
CK (RMCK), an 86 kDa homodimer, has been thoroughly
studied for more than ﬁve decades [10]. The crystal structure
of RMCK reveals that it contains two domains in each subunit
and the active site of RMCK is located in the cleft between the
two domains (Fig. 1A) [11]. The folding of RMCK involves
several important intermediates characterized by equilibrium
and/or kinetic studies [12–16]: a partially active dimeric, an
inactive dimeric, a compact monomeric and a partially-folded
monomeric intermediate. The inactive dimer is very important
because (i) it has been shown that the formation of the inactive
dimer is not a rate limiting step during the refolding of urea-
denatured CK [13,17]; (ii) the inactive dimer could be speciﬁ-
cally trapped by molecular chaperones such as PDI and
GroEL [18,19]; (iii) the inactive dimer was found to be respon-
sible for CK aggregation during refolding/unfolding [19,20];
(iv) most research has been focused on the association and dis-
sociation of the enzyme (inter-subunit interactions), and little
is known about the transition between active and inactive di-
meric species. The inactive dimer is characterized as containing
most of the native secondary structures, a compact tertiary
structure, an almost native or slightly modiﬁed dimer interface
and an unfolded active site. These structural features strongly
suggested that the intra-subunit domain–domain interactions
might be weakened in the inactive dimer.
The long loop in the N-terminal domain (from residue N63
to S81) was found to contribute to the intra-subunit domain–
domain interactions (Fig. 1A). A sequence alignment indicates
that most residues in this the region are fully conserved in all
CKs (Fig. 1C) [21], suggesting that this long loop might be
important to the activity and stability of CK. Large move-
ments of the loop region from residue 60 to 73 have been de-
scribed previously when CK binds to substrate [8] and it is
thought that I69 and V325 could form a pocket that plays a
crucial role in substrate speciﬁcity [22]. The loop region from
residue 72 to 76 interacts with the loop in the C-terminal do-
main around C283 (Fig. 1B), which has been shown to be
essential for the catalytic activity of CK [23–26]. To dissect
the role of the intra-subunit domain–domain interactions in
CK activity and stability, site-directed mutations of residues
from V72 to A76 in RMCK were performed. The results
herein indicate that most of the loop mutants had decreasedblished by Elsevier B.V. All rights reserved.
Fig. 1. (A) The crystal structure of RMCK (PDB entry 2CRK)
showing the dimer interface and intra-subunit domain–domain inter-
face. The two subunits are indicated by orange and green, respectively.
The key residues including V72, G73, C74 and V75, located on the
intra-subunit domain–domain interface are highlighted by space-ﬁlling
model. (B) The intra-subunit domain–domain interface formed by the
loops in the N-terminal domain (residues 72–77) and C-terminal
domain (residues 281–285). The hydrogen bond is shown by green
dotted lines. (C) The amino acid sequence of RMCK from residue 60
to 80. The red letters indicate that these residues are conserved in all
CKs; the blue one indicates that C74 is only conserved in MM-CKs,
while the gray ones indicate that these residues are not conserved.
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thermal inactivation and guanidine hydrochloride (GdnHCl)
denaturation. The greatest diﬀerences in the unfolding of the
mutants induced by GdnHCl were the transitions at low
concentrations of GdnHCl. Most of the mutants could not
successfully regain their native structures when refolded from
GdnHCl-denatured states in vitro. These results strongly
suggest that the intra-subunit domain–domain interactions
might play a crucial role in the activity and structural stability
of CK.2. Materials and methods
2.1. Materials
Ultra-pure guanidine hydrochloride (GdnHCl), urea, Tris, 1-anilino-
naphthalene-8-sulfonate (ANS), ATP and sodium dodecylsulfate
(SDS) were from Sigma. T4 DNA ligase were from Promega. All the
other chemicals were local products of analytical grade.
2.2. Site-directed mutagenesis
The gene of wild-type CK (Wt-CK) was cloned into the pET21b
expression vector [27]. The mutagenic primers (mismatches with the
template are underlined) are: V72A (FV72A: 5 0-TCATCATGACC-
GCGGGCTGCGTG-3 0; RV72A: 5 0-ACGCAGCCCGCGGTCAT-
GATGAA-3 0), G73A (FG73A: 5 0-ATGACCGTGGCCTGCGTGG-
CCG-3 0; RG73A: 5 0-GGCCACGCAGGCCACGGTCATGA-3 0),
C74A (FC74A: 5 0-CCGTGGGCGCCGTGGCCGGTG-30; RC74A:
50-GGCCACGGCGCCCACGGTCATG-30), C74S (FC74S: 50-CCGTG-
GGCTCCGTGGCCGGTG-30; RC74S, 5 0-GGCCACGGAGCCCA-
CGGTCATG-3 0), C74L (FC74L: 5 0-CCGTGGGCCTCGTGGCCG-GTG-30; RC74L: 50-GGCCACGAGGCCCACGGTCATG-30), C74M
(FC74M: 5 0-ACCGTGGGCATGGTGGCCGGTG-3 0; RC74M: 5 0-
GGCCACCATGCCCACGGTCATGA-3 0), V75A (FV75A: 5 0-GT-
GGGCTGCGCGGCCGGTGACGA-30; RV75A: 5 0-GTCACCGG-
CCGCGCAGCCCACGG-3 0), A76G (FA76G: 5 0-GGCTGCGTGG-
GCGGTGACGAGGA-30; RA76G: 5 0-TCGTCACCGCCCACGCA-
GCCCAC-30). The PCR ampliﬁed fragments were cloned into
pET21b, and sequenced to verify the mutagenesis.2.3. Protein expression and puriﬁcation
Wt-CK and the mutants were expressed in Escherichia coli
BL21[DE3]-pLysS (Stratagene, Heidelberg, Germany) and puriﬁed as
described previously [27]. The purity of the recombinant protein was
characterized by 10% SDS–polyacrylamide gel electrophoresis (SDS–
PAGE), and the ﬁnal product was found to be over 99% pure. Protein
concentration was determined according to Bradford’s method [28] by
using bovine serum albumin as a standard. The size exclusion chroma-
tography (SEC) analysis of the puriﬁed proteins was the same as that
described previously [18].2.4. Enzyme kinetics
CK activity was measured according to the pH-colorimetry method
[29]. The Km-creatine values were determined at creatine concentra-
tions of 6, 8, 10, 12, 16 and 20 mM with an ATP concentration of
4 mM. The Km-ATP values were determined at ATP concentrations
of 0.5, 0.8, 1.0, 1.5, 2.0 and 2.5 mM with a creatine concentration of
24 mM. The data were ﬁt to the Michaelis–Menten equation to obtain
the kinetic constants. The Kd values (dissociation constants of ATP or
creatine in the absence of the other substrate) were obtained according
to the method of Cleland [30] using a random-order rapid-equilibrium
kinetic mechanism [31]. Each kinetic constant was the result of at least
three repetitions.
Thermal inactivation was performed by incubating the samples for
10 min at given temperatures varying from 25 to 60 C; then the activ-
ity was determined at 25 C with 4 mM ATP and 24 mM creatine in
buﬀer. The data was normalized by the activity at 25 C.2.5. Spectroscopic measurements
Far-UV circular dichroism (CD) spectra were recorded on a Jasco
725 spectrophotometer with a cell path-length of 0.1 cm. Fluores-
cence spectra were collected on an F-2500 spectroﬂuorimeter with
an excitation wavelength of 280 nm and the emission spectra was
measured in the wavelength range of 300–400 nm. For ANS-ﬂuores-
cence measurements, 10-fold molar excess of ANS was added to the
samples and they were equilibrated for 30 min in the dark. Then
extrinsic ﬂuorescence was measured with an excitation wavelength
at 380 nm and the emission spectrum was measured in the range of
400–600 nm. The ﬁnal concentration of the enzyme for spectroscopic
experiments was 2.32 lM and all experiments were carried out at
25 C.
For GdnHCl denaturation experiments, the proteins (with a ﬁnal
concentration of 2.32 lM) were denatured in buﬀer with GdnHCl con-
centrations ranging from 0 to 4 M in 10 mM Tris–HCl (pH 8.0) at
25 C overnight.2.6. Refolding and reactivation kinetics
Proteins with a ﬁnal concentration of 120 lMwere completely dena-
tured in 3 M GdnHCl overnight at 25 C. The initiation of the refold-
ing was carried out by 100-fold dilution of the denatured CK into
0.1 M GdnHCl in 30 mM Tris–HCl (pH 8.0). The kinetics data was de-
rived by monitoring the changes of the intrinsic ﬂuorescence intensity
at 350 nm on an F-2500 spectroﬂuorimeter with an excitation wave-
length of 280 nm. The refolding rate constants k1 (fast phase rate con-
stant) and k2 (slow phase rate constant) were calculated by non-linear
ﬁt using Origin. The reactivation course was studied using the kinetic
method of the substrate reaction as described previously [32]. In brief,
the reactivation was started by a 200-fold dilution of the denatured en-
zyme into the buﬀer used for activity assay. Then the changes at
597 nm were monitored by ultrospec 4300 pro UV/visible spectropho-
tometer for 10 min. The apparent reactivation rate constants (A) were
calculated according to the reactivation kinetics model of CK
described previously [32].
Fig. 2. Eﬀect of mutations on RMCK stability against heat (A) and
GdnHCl (B). Relative activity is the activity measured at certain
conditions divided by the activity measured at 25 C without the
addition of GdnHCl. The ﬁnal concentration of the enzymes was
2.32 lM.
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3.1. Eﬀects of mutations on RMCK activity, substrate aﬃnity
and structure
SEC was used to examine the quaternary structure of each
mutant compared to Wt-CK. The chromatographic proﬁles
of the eight intra-subunit domain–domain interface mutants
(Table 1) was almost the same as that of the Wt enzyme (data
not shown). Furthermore, no signiﬁcant change was observed
in the CD, intrinsic ﬂuorescence, and ANS ﬂuorescence spectra
of the mutants when compared to Wt-CK (data not shown, see
also Fig. 3). These results suggested that the mutations did not
aﬀect the structure of the enzyme.
The activity and the kinetic constants of Wt-CK and the mu-
tants were determined by a kinetic analysis of the forward
reaction (phosphocreatine formation) and the data are pre-
sented in Table 1. The activities of two mutants, V72A and
G73A, were much lower than that of the native enzyme, while
the other six mutations had no signiﬁcant eﬀect on enzyme
activity. The Km-ATP values of the mutants were almost the
same as that of Wt-CK, which indicated that these mutations
did not aﬀect the binding aﬃnity of ATP in the forward reac-
tion. The Km for creatine of V72A, G73A, C74L and C74M in-
creased about two- to threefold, that of V75A had a slight
increase, while those of the other three mutants (C74A, C74S
and A76G) were almost identical to that of the native enzyme.
These results suggested that the mutations in the intra-subunit
domain–domain interface might reduce the binding aﬃnity of
creatine. Among the ﬁve residues studied here, V72 and G73
were found to be the most important ones for CK activity
and substrate binding. This conclusion is consistent with the
previous ﬁndings that the movement of the loop from residue
60 to 73 is involved in the binding of creatine [8,22].
3.2. Eﬀects of mutations on RMCK stability
The thermal stability of Wt-CK and the mutants was deter-
mined by incubating the samples at a given temperature for
10 min and then the activity was measured at 25 C. For com-
parison, the data were normalized by the activity at 25 C and
presented as the relative activity. As shown in Fig. 2A, Wt-CK
could retain its activity well at temperatures lower than 48 C,
and then it showed a steep decrease in activity from 48 to 55 C
and completely lost its activity at temperatures above 58 C.
This result was consistent with those reported in the literature
[33,34]. The thermal inactivation of A76G and C74A were al-
most identical to Wt-CK, while the others were inactivated at a
relatively low temperature. A similar result could be obtainedTable 1
Kinetic analysis of Wt-CK and the mutants
Enzyme Km-ATP (mM) Kd-ATP
a (mM) Km-creatine (mM) Kd-crea
Wt-CK 0.45 ± 0.03 0.50 ± 0.04 9.1 ± 0.5 10.2 ±
V72A 0.51 ± 0.06 0.52 ± 0.05 21.4 ± 0.6 21.7 ±
G73A 0.68 ± 0.04 0.68 ± 0.08 25.0 ± 0.8 25.1 ±
C74A 0.43 ± 0.04 0.49 ± 0.03 8.7 ± 0.9 9.8 ±
C74S 0.47 ± 0.03 0.49 ± 0.05 9.0 ± 0.6 9.4 ±
C74L 0.70 ± 0.06 0.84 ± 0.10 18.6 ± 1.0 22.3 ±
C74M 0.66 ± 0.04 0.52 ± 0.06 18.3 ± 1.4 14.5 ±
V75A 0.57 ± 0.06 0.57 ± 0.08 13.8 ± 0.6 13.9 ±
A76G 0.46 ± 0.04 0.44 ± 0.06 8.9 ± 0.3 8.6 ±
aKd was obtained according to the method of Cleland [30] using a random-o
bThe apparent reactivation rate was obtained from the data in Fig. 4B accordfor the inactivation induced by GdnHCl (Fig. 2B). Particu-
larly, G73A and V75A were the most unstable among the eight
mutants, suggesting that these two positions may be more ste-
rically constrained than the other positions. It is also worth
noting that the C74M mutation had the most dramatic eﬀects
among the C74 series of mutations, suggesting that the methi-
onine substitution might pose steric or chemical problems at
that position. It had been shown that the inactivation of
RMCK was not due to the dissociation of the dimer, but
was due to the change of the active site [20,33], which is located
in the cleft between the N- and C-terminal domains. Consider-
ing that no signiﬁcant eﬀects of the C74 and V75 mutations ontinea (mM) Speciﬁc activity
(lmol/(min mg))
Relative
activity
Apparent reactivation
rateb (·103, s1)
0.6 260.7 ± 4.0 1.00 1.93 ± 0.02
1.0 148.1 ± 2.8 0.57 0.92 ± 0.03
1.3 82.8 ±3.1 0.32 0.30 ± 0.04
0.7 277.6 ± 2.7 1.06 1.84 ± 0.02
0.6 265.8 ± 3.2 1.02 1.60 ± 0.03
1.9 258.0 ± 4.0 0.99 1.21 ± 0.01
1.2 256.4 ± 3.6 0.98 0.41 ± 0.05
0.9 262.6 ± 4.2 1.01 0.36 ± 0.04
0.7 271.6 ± 3.9 1.04 1.82 ± 0.01
rder rapid-equilibrium kinetic mechanism [31].
ing to the reactivation kinetics model of CK described previously [32].
Fig. 3. Far UV CD (A), intrinsic ﬂuorescence (B) and ANS ﬂuores-
cence (C) analysis of the stability of Wt-CK and the mutants against
GdnHCl denaturation. The ﬁnal concentration of the enzymes was
2.32 lM.
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more likely that these mutations modiﬁed the domain–domain
interactions and the weakened domain–domain interactions
destabilized the enzyme during heat or chemical inactivation.
3.3. Eﬀects of mutations on RMCK denaturation induced by
GdnHCl
The structural stability of Wt-CK and the mutants against
GdnHCl denaturation was monitored by CD (Fig. 3A), intrin-
sic ﬂuorescence (Fig. 3B) and ANS ﬂuorescence (Fig. 3C). In
agreement with previous publications [12–15], the unfolding
of RMCK induced by GdnHCl was not a two-state but a mul-
tistage process. As shown in Fig. 3, the most dramatic change
for Wt-CK occurred at a GdnHCl concentration around
0.6 M. This state has been suggested to be the molten globule
(MG) intermediate [12–15], and is characterized by about a
50% loss of the secondary structures (Fig. 3A), a signiﬁcant
blue-shift of the emission wavelength maximum (Emax) of the
intrinsic ﬂuorescence (Fig. 3B), and a maximum of ANS-ﬂuo-
rescence intensity (Fig. 3C). Compared to Wt-CK, most of the
mutants reached their MG state earlier, while the changes at
GdnHCl concentrations above 1.2 M (data not shown) were
almost identical to Wt-CK. Consistent with the inactivation re-
sults shown in Fig. 2, the mutations of G73 and V75 had a pro-
nounced eﬀect on RMCK denaturation at GdnHCl
concentrations below 0.6 M. These results suggested that the
mutations mainly aﬀected the transition before the formation
of the MG state. The MG state has been characterized as a
compact monomeric intermediate [16]. It has been well charac-
terized that before the formation of the populated MG state,
the enzyme lost its activity before the dissociation of the dimer
and formed an inactive dimeric intermediate [13,17]. Thus the
mutations might aﬀect the denaturation of the enzyme by
destabilizing the intra-subunit domain–domain interactions
or might aﬀect the dissociation of the dimer. Since the loop
from residue 72 to 76 is located on the cleft of the two domains
near the active site (see Fig. 1), it is more likely that the muta-
tions modiﬁed the intra-subunit domain–domain interactions
rather than destabilized the dimer interface. This deduction
is also consistent with the thermal inactivation results.
3.4. Eﬀects of mutations on RMCK reactivation and refolding
kinetics
It has been well-established that the refolding of CK from
the GdnHCl-denatured states could be characterized by a bi-
phasic process [13,17,19,35,36]. To further conﬁrm that the
mutations might aﬀect the intra-subunit domain–domain inter-
actions of RMCK, the refolding kinetics of Wt-CK and the
mutants were obtained by monitoring the changes in the
intrinsic ﬂuorescence at 350 nm (Fig. 4A). The refolding of
GdnHCl-denatured Wt-CK was best ﬁt by a biphasic process,
and the rate constants for the fast phase (k1) and the slow
phase (k2) were 4.37 ± 0.05 · 103 (s1) and 6.7 ± 0.1 · 104
(s1), respectively. As for the refolding of most of the mutants,
the data were best ﬁt by a one-stage process, which suggested
that the samples might be trapped by oﬀ-pathway misfolding
and could not refold to their native states. It has been sug-
gested that the fast phase of CK refolding involves the transi-
tion from denatured states to a monomeric intermediate, while
the slow phase involves the transition from the inactive dimeric
intermediate state to the native-like state [13]. Thus the signif-
icant diﬀerence in the refolding kinetics might be due to thefailure to generate active native-like states from the inactive
dimeric intermediate resulting in an increased tendency to
aggregate [18–20]. To further conﬁrm this deduction, the reac-
tivation kinetics was determined using the kinetic method of
substrate reaction as previously described [32]. As shown in
Fig. 4B and Table 1, the reactivation kinetic courses of the sub-
strate reaction of C74A and A76G were similar to that of Wt-
CK, while the other six mutations gradually decreased the
Fig. 4. Refolding (A) and reactivation kinetics (B) of Wt-CK and
the mutants. The ﬁnal concentration of the enzyme was 2 lM. (A) The
refolding kinetics was studied by monitoring the changes in the
intrinsic ﬂuorescence at 350 nm. The ﬁgure is a semi-logarithmic plot,
in which a straight line represents a one-stage process, while a biphasic
process is represented by a curve. (B) The reactivation course was
studied using the kinetic method of substrate reaction as described
previously [32]. Changes at 597 nm with time were monitored to
determine the apparent rate constants.
T.-J. Zhao et al. / FEBS Letters 580 (2006) 3835–3840 3839reactivation rate of RMCK. Since the reactivation rate is
mainly limited by the slow phase of the refolding, the results
in Fig. 4B also suggested that the mutations aﬀected the cor-
rect positioning of the intra-subunit domain–domain interface
when RMCK refolded from the GdnHCl-denatured states.
3.5. Conclusions
The role of ﬁve residues located on the intra-subunit do-
main–domain interface was studied by site-directed mutational
analysis. Four of these residues, V72, G73, V75 and A76 are
conserved in all CKs, while C74 is conserved in MM-CKs
(Fig. 1), which suggested that this region might be important
to CK activity and stability. The mutational analysis in this re-
search conﬁrmed this hypothesis and further indicated that the
roles of the ﬁve residues were somewhat diﬀerent. The eﬀects ofthe mutations could be clustered into three classes (see Fig. 2
and 4B). Particularly, the mutations at G73 and V75 dramat-
ically decreased the stability of RMCK, suggesting that these
two residues were particularly important in helping the forma-
tion and maintenance of the loop structure and in providing
suﬃcient contact with the nearby structures (Fig. 1). The ef-
fects of the mutations at other residues were either minor
(V72A, C74S, C74M and C74L) or negligible (V74A and
A76G), suggesting that these residues might provide some
additional stability to the loop structure. Consistent with the
recent report that revealed that V325 and I69 could form a
hydrophobic pocket to position the substrates for catalysis
[22], the mutation of V72 and G73 decreased both the activity
of RMCK and the binding aﬃnity of creatine. Interestingly,
the mutations of C74 and V75, which had no signiﬁcant eﬀect
on RMCK activity, structure and the Km for creatine, gradu-
ally aﬀected the stability and refolding kinetics of RMCK.
These results strongly suggested that the mutations might
modify the correct positioning of the ﬂexible loops on the in-
tra-subunit domain–domain interface, and result in decreased
stability when subjected to environmental stress. Because
phosphagen kinases have a high degree of structural similarity
[5], this conclusion is expected to be true not only for RMCK,
but also for all phosphagen kinases.
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